The increasing availability of genomic sequence from multiple organisms has provided biomedical scientist with a large dataset for orthologous sequence comparisons. The rationale for using cross-species sequence comparisons to identify biologically active regions of a genome is based upon the observation that sequences that perform important functions are frequently conserved between evolutionarily distant species, distinguishing them from nonfunctional surrounding sequences. This is most readily apparent for protein encoding sequences but also holds true for the sequences involved in regulating gene expression. While these observations have frequently been made retrospectively following the analysis of previously discovered genes or gene regulatory sequences, examination of orthologous genomic sequences from several vertebrates has shown the inverse is also true. Specifically, studying evolutionarily conserved sequences is a reliable strategy to uncover regions of the human genome with biological activity. To assist biomedical investigators in taking advantage of this new paradigm, various comparative sequence-based visualization tools and databases have been developed. Already, these new publicly accessible resources have been successfully exploited by investigators for the discovery of biomedically important new genes and sequences involved in gene regulation.
Comparative Genomic Visualization Tools
The two most commonly used comparative genomic tools are VISTA and PipMaker (1, 2) . The primary goal of both programs is to turn raw orthologous sequence data from multiple species into visually interpretable plots to drive biological experimentation. Some of their common features include the ability to compare multiple megabases of sequence simultaneously from two or more species, web accessibility and the option to customize numerous features by the user. While each program utilizes different overall strategies, they both allow for the identification of conserved coding as well as noncoding sequences between species.
VISTA (VISualization Tool for Alignment) combines a global alignment program (AVID) (Bray et al., in press) with a running plot graphical tool to display the alignment (1) (http://www-gsd.lbl.gov/vista/).
Global alignments are produced when two DNA sequences are compared and an optimal similarity score is determined over the entire length of the two sequences ( Fig. 1 ). In contrast, PipMaker (Percent Identity Plots) utilizes a modified local alignment program (BLASTZ) and displays plots with solid horizontal lines to indicate ungapped regions of conserved sequence (ie. blocks of alignments that lack insertions or deletions) (http://bio.cse.psu.edu/pipmaker/) (2) . Local alignments are generated when two DNA sequences are compared and optimal similarity scores are determined over numerous sub-regions along the length of the two sequences ( Fig. 1 ).
For visual comparison of the VISTA and PipMaker outputs, orthologous apolipoprotein E (ApoE) genomic sequence from human and chimpanzee were independently examined by web-based versions of each program ( Fig. 2A ., 2B., Table 1 ). In both cases, DNA sequences in fasta format were submitted to webbased servers along with an annotation file of the location of exons and repeat sequences. In general, both programs provide similar interpretation of the input sequence files, namely high levels of sequence homology is noted between both of these closely related primate species. In this example, known functional regions (exons and gene regulatory elements) in the interval cannot be readily identified based on conservation due to lack of divergence time between humans and chimpanzees. As a second example, similar human versus mouse ApoE genomic sequence comparisons were performed by both VISTA and PipMaker (Fig. 2C., 2D) . Comparison of these more distantly related mammals revealed conserved sequence corresponding to previously defined functional elements.
These include exonic sequences which display high levels of homology between human/mouse as well as two experimentally defined ApoE enhancers (Fig. 2C ., 2D.) (3) (4) (5) .
These examples emphasize the importance of identifying the proper evolutionary distance for sequence comparisons to provide the correct window for identifying conserved sequences with functionality. (12) (13) (14) (15) .
Whole Genome Browsers
In the "comparative genomic visualization tools" section, computational tools for gene by gene (or region by region) analyses were described. These original tools sought to provide biologists with user-defined features for custom small-scale analysis, frequently from sequence generated in individual laboratories that was manually input into the VISTA or PipMaker web-server. The recent public availability of large amounts of whole genome sequence for numerous organisms (human, mouse, rat, fugu, tetraodon, ciona, etc.) has enabled large-scale analysis of individual genomes as well as genome to genome comparisons. These whole genome analyses accessible through web-based browsers provide pre-processed databases for the scientific community (16) (17) (18) (19) (20) .
Annotation Browsers
The completion of a draft sequence and assembly of the human genome was an enormous accomplishment and provided a vast sequence dataset readily accessible to biomedical investigators. While these sequence data were initially useful for researchers seeking additional genomic sequence for individual genes of interest based on homology searches, the original assembly was simply a large database composed of strings of A's, C's, T's and G's which lacked reference and descriptions of key landmarks. Fortunately, this void has rapidly been filled by the success of large computational projects focused on the detailed annotation of the human genome. Today, three large centers provide human genome annotation; the National Center for Biotechnology Information (NCBI), the University of California at Santa Cruz (UCSC), and the Sanger Center. These annotation outputs are all web accessible and are known as the NCBI Map
Viewer, UCSC Genome Browser (21), and Ensembl (22), respectively ( Table 1 ).
In addition to exon annotation across the entire genome, these browsers contain a tremendous amount of additional annotation for features such as repetitive DNA, "expressed sequence tags" (ESTs), CpG islands and single nucleotide polymorphisms (SNP).
Comparative Genomic Browsers
In addition to the scientific community's accessibility to gene annotation for the entire human genome, online resources have also recently become available for whole human/mouse comparative sequence data. Several important advances have made whole genome comparisons possible. In addition to the obvious need for sequence data for a given genome, whole genome assemblies have provided the substrates for genome to genome comparisons. Furthermore, the successful efforts of whole genome annotation of genes, including their chromosomal location, has provided the necessary framework to serve as reference for the position of a given alignment in the genome (previous gene by gene comparisons required the user to painstakingly input these annotation features). For mammals, this gene annotation is most detailed for the human genome, though progress is being made in annotating the pufferfish, mouse and rat genomes. As a consequence, current whole genome comparisons primarily utilize the human genome as the base reference sequence. Three major resources are currently available for pre-processed human/mouse whole genome comparisons; UCSC Genome Browser, VISTA Genome Browser and PipMaker human/mouse analysis ( Table 1 ).
The UCSC Genome Browser has recently integrated comparative sequence information for annotation of the human genome. Similar to this browser's other annotation fields, comparative genomic information is presented as "tracks". To is examined in the context of the genomic interval (rather than its strict percent identity for a given interval). Regions of high conservation in otherwise nonconserved regions receive higher L-scores than regions of conservation in relatively highly conserved intervals. The rationale for such a strategy is based on the fact that neutral rates of DNA sequence change are highly variable in the mammalian genome (19) . Thus, conservation in regions with faster neutral rates of change is more likely to be functional than conservation in slowly evolving intervals.
The VISTA Genome Browser is a complementary web-based browser for interactively visualizing comparative sequence data using a VISTA plot format (Table 1) . Features include customized definition of the window size of a region under investigation (zoom), tools for extracting DNA sequence from a region of interest and tables of highly conserved DNA within an interval. The web-site is also integrated with the UCSC Genome Browser, allowing for a portal to immediately jump from comparative sequence data to more detailed annotation of the human genome.
As an example of the VISTA Genome Browser output, the human/mouse ApoE genomic interval was examined (Fig. 4A ). This plot was obtained by submission of the gene symbol "ApoE" at the VISTA Genome Browser web-site (Table 1) .
Note the similar human/mouse VISTA plot obtained through genome to genome comparison compared to the gene by gene analysis performed in Figure 2D .
Thus, this resource instantaneously provides pre-computed human/mouse data, in contrast to the detailed custom input files required by the standard VISTA analysis program. Furthermore, this resource allows for immediate "zoom-in"
and "zoom-out" options to characterize the interval in more detail. For instance, by zooming out neighboring genes can be readily identified as well as candidate conserved noncoding sequences that may be important in gene regulation of ApoE (Fig. 4B) .
A third set of pre-processed genome data is available through PipMaker (Schwartz et al., in press) ( Table 1) . In this analysis, human/mouse genomic alignment plots are provided in a non-browser format and are retrievable for a gene or region of interest as a pdf file.
Efforts are being made to provide pre-processed comparative data beyond human and mouse. For instance, the VISTA and UCSC Genome Browsers have recently added rat genomic sequence. This now allows the examination of human/mouse, human/rat, and mouse/rat comparative data providing the 8 opportunity to determine what is shared and what is unique to each species. In the near future additional vertebrate genome assemblies will become available and it is expected that they will be integrated into a similar framework. While significant computational challenges exist with such a complex dataset, more efficient algorithms are being developed and the insights from multiple simultaneous genome comparisons is likely to be significant.
Custom Comparison to Whole Genomes
In addition to pre-processed whole genome comparative data, several additional tools allow for any sequence from any organism to be compared to previously assembled and annotated genomes. They include GenomeVista and a server available through UCSC Genome Browser (Table 1) .
GenomeVista utilizes the same data sources and algorithmic methods as is used to generate the alignments for the VISTA Genome Browser but allows users to input their own sequence of interest for direct comparison to the human, mouse or rat genomes. These sequence files can be acquired from in-house sequencing projects, or can be automatically retrieved from sequence databases such as GenBank by simply inputting the accession number for the desired sequence at the GenomeVista web-site. The GenomeVista data output is similar to the VISTA Genome Browser but allows for species beyond those available in the current alignment to be examined in the context of the annotated human or mouse genomes.
Similar to GenomeVista, the UCSC Genome Browser also allows custom sequence comparison with either the human, mouse or rat genome assembly (Table 1) . This comparison utilizes a modified BLAST alignment program (BLAT) and provides an extremely fast homology search (23, 24 One category of functional noncoding DNA is sequences participating in the regulation of neighboring genes. On a small scale, comparative genomics has proven its ability to uncover important gene regulatory elements based solely on conservation (6, 8, 9, (26) (27) (28) . This is despite the fact that most transcription factor binding sites are on the order of 6-12 basepairs in length. It appears that many gene regulatory elements are frequently found within much larger blocks (80-500bps) of conservation, most likely since regulatory elements are a composite of numerous transcription factor-binding sites that direct gene expression.
Unfortunately, to date we have only catalogued a small number of gene regulatory elements outside of proximal promoters and it is difficult to estimate how many of the 800,000 human/mouse exon-sized conserved noncoding sequences are regulatory in nature.
With human/mouse conservation serving as a filter for prioritizing human sequences likely to have biological activity, we predict that hypotheses based purely on comparative sequence data should increasingly lead to biological insights. In the next section, focus is placed on a limited number of recent examples where comparative genomics has lead to biological discoveries.
Gene Identification
One of the clear utilities of comparative sequence analysis is for exon and gene 
Identification of Regulatory Sequences
One of the first studies to use solely human/mouse comparative genomics as an approach to identify gene regulatory elements was the examination of a cytokine gene cluster (including five interleukins (IL) and 18 other genes) on human chromosome 5q31 (35). In this work, human/mouse comparative analysis was performed on a 1Mb region and 90 conserved noncoding sequences (≥70% identity over ≥100bp) were identified. Of these elements, several corresponded to previously known gene regulatory elements. One previously undefined conserved noncoding element was explored in finer detail based exclusively on its human/mouse sequence conservation (400 bp at 87% identity between human and mouse). This element was named conserved noncoding sequence 1 (CNS1) and was localized to the 15kb interval between IL-4 and IL-13. To characterize the function of CNS1, transgenic and knockout mouse studies were performed (35-37). Through these studies it was shown that CNS1 dramatically impacted the expression of three human cytokine (IL-4, IL-5, and IL-13) genes separated by more than 120kb of sequence. Thus, from a purely comparative sequence based starting point, conservation of sequence alone lead to the identification of a novel gene regulatory element that acts over long distances to modulate genes important in the inflammatory response. Follow-up studies to the initial discovery of CNS1 further support that this 400bp element contains transcription factor binding sites which co-activate IL-4, IL-5 and IL-13 (36, 37) . The role of these interleukins in a variety of common conditions such as asthma and inflammatory bowel disease has focused attention on CNS1 for its activity in these disorders.
A second example where comparative sequence analysis identified gene regulatory sequences prior to functional studies include the examination of a genomic interval containing the stem cell leukemia (SCL) gene (9, 13, 38) . In these studies, the orthologous SCL genomic interval was examined in human, The recent availability and analysis of human and mouse genomic sequence has provided strong support for the future value of sequence information in biomedicine. We are approaching an era where sequence data is no longer limiting 16 but rather is rapidly accumulating with functional studies lagging behind.
Intriguingly, though we are challenged by this glut of sequence information, additional genome sequences from species within and outside of mammals will further help to even better prioritize regions of the human genome for functional studies. As a second display of conservation, the "best mouse" track utilizes blocks with the length and shading representative of the conservation. which allows the neighboring ApoE genes to be determined.
